Abstract. Adult T-cell leukemia/lymphoma (ATLL), an aggressive type of malignant lymphoma, is highly resistant to chemotherapy. However, the detailed mechanisms of the chemoresistance of ATLL have never been elucidated. We previously demonstrated that direct cell-cell interaction between macrophages and lymphoma cells was significantly associated with lymphoma progression in patients with ATLL. The present study aimed to further analyze the effects of cell-cell interaction between macrophages and ATLL cells by means of cell culture studies and immunohistochemical analysis using human ATLL samples. It was found that direct co-culture with macrophages induced chemoresistance in the ATLL ATN-1 cell line, but not in other cell lines, including TL-Mor, ED and ATL-2S. It was also found that expression of the T cell Ig and mucin domain-containing molecule-3 (TIM-3) was induced in ATN-1 cells by their long-term co-culture with macrophages. TIM-3 gene transfection induced chemoresistance in the ATN-1 cells. Immunostaining of ATLL tissues showed TIM-3 expression in 25 out of 58 ATLL cases. Although TIM-3 expression was not associated with overall survival or T classification, it was associated with resistance to chemotherapy. TIM-3 expression is therefore considered to be a marker for predicting the efficacy of chemotherapy, and TIM-3-associated signals may be a therapeutic target for patients with ATLL.
Introduction
Adult T-cell leukemia/lymphoma (ATLL) is one histological type of aggressive lymphoma that is endemic in Japan (southwestern region), the Caribbean basin and Central Africa (1) . ATLL is caused by human T-cell leukemia virus type I (HTLV-1) infection, and the HTLV-1 p40 tax protein and HTLV-1 basic leucine zipper factor are considered to be important for oncogenesis (2) . Since ATLL cells are generally resistant to chemotherapy, the median survival time of acute and lymphomatous ATLL is reported to be ~1 year (3) . It is therefore a matter of great urgency to understand the resistance of ATLL cells to chemotherapy at a molecular level in order to uncover useful targets for the therapy of ATLL.
T cell Ig and mucin domain-containing molecule-3 (TIM-3), also known as hepatitis A virus cellular receptor 2, is widely expressed on immune cells such as monocyte/ macrophages, dendritic cells, natural killer cells and T cells (4, 5) . Galectin-9 and high mobility group box 1 are known to be the ligands of TIM-3, and TIM-3 signaling is generally involved in the regulation of immune responses by negatively regulating interferon secretion (6) . Recently, TIM-3 has also been found to be expressed in melanoma, liver cancer and lung cancer, and higher expression of TIM-3 has been shown to be associated with a poor clinical prognosis in these cancers (7) (8) (9) (10) .
We previously demonstrated that macrophages induced ATLL cell proliferation and that a higher density of tumor-associated macrophages (TAMs) in ATLL tissues was closely associated with a poor clinical prognosis (11) . It was also found that direct contact with macrophages induced ATLL cell activation, although the detailed mechanisms have not yet been elucidated (11) .
In the present study, direct co-culture with macrophages induced chemoresistance and TIM-3 overexpression in ATLL TIM-3 expression in lymphoma cells predicts chemoresistance in patients with adult T-cell leukemia/lymphoma cells, and the correlation between TIM-3 expression and chemoresistance was investigated.
Materials and methods
Cell lines and cell culture. The human ATLL cell lines (ATN-1, TL-Mor, ED and ATL-2s) (12) and a T-cell lymphoma cell line without HTLV-1 infection (MOLT-4) were maintained in RPMI (Wako Pure Chemical Industries, Ltd., Tokyo, Japan) supplemented with 10% fetal bovine serum. The ATN-1, TL-Mor and MOLT-4 cells were purchased from the RIKEN Cell Bank (Wako, Japan). The ED and ATL-2 cell lines were previously established by Professor Masao Matsuoka (Institute for Virus Research, Kyoto University, Kyoto, Japan). The mycoplasma test was performed by using a polymerase chain reaction (PCR) detection kit purchased from Takara Bio Inc.
(Otsu, Japan). Adriamycin (ADR) and carboplatin (CBDCA) were obtained from Wako Pure Chemical Industries, Ltd. The number of ATLL cells following 2-day culture with ADR (50 or 100 µM) and CBDCA (0.3 or 1.0 µM) was tested using the WST assay kit (Dojindo Molecular Technologies Inc., Kumamoto, Japan).
Macrophage culture. Peripheral blood mononuclear cells were obtained from healthy volunteer donors, and all donors supplied written informed consent for experimental use of these cells. Cluster of differentiation (CD)14-positive monocytes were isolated using CD14-microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). These monocytes were plated in 24-well plates (5x10 4 /well) and cultured with granulocyte-macrophage colony-stimulating factor (GM-CSF; 5 ng/ml) and macrophage CSF (M-CSF; 100 ng/ml) (Wako) for 7 days at 37˚C.
Flow cytometry (fluorescence-activated cell sorting).
Phycoerythrin-labeled anti-TIM-3 antibody (mouse monoclonal; clone F382E2; #345006; dilution, 1:50), fluorescein isothiocyanate-labeled anti-CD14 antibody (mouse monoclonal; clone HCD14; #325604; dilution, 1:50) and isotype matched control antibodies (mouse IgG1 kappa; clone MOPC-21; #400112 and #400110) were purchased from BioLegend Inc. (San Diego, CA). The surface expression of these molecules on stained cell samples was analyzed using a FACSverse flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) with FACSuite (BD Biosciences) software.
TIM-3-expressing ATLL cell lines.
A plasmid encoding the TIM-3 gene (pDsRed-TIM-3) and a control pDsRed plasmid (Takara Bio Inc., Otsu, Japan) were transfected into ATN-1 and ED cells using HilyMax (Dojindo Molecular Technologies Inc.). Following selection with neomycin, single cell cloning was performed. Cell clones were selected and cell surface TIM-3 expression was tested using flow cytometry.
Tissue samples. Paraffin-embedded tumor samples (thickness, 3 µm) from the lymph nodes of 58 patients with ATLL (lymphomatous and acute type) were examined. Patients diagnosed between January 1993 and December 2003 were treated with conventional chemotherapy and no patient was treated with bone marrow transplantation. A total of 29 patients showed leukemic change. Written informed consent was obtained from all patients in accordance with protocols approved by the Fukuoka University and Kurume University Review Board (Kurume, Japan). The experimental procedure was approved by the Kumamoto University Review Board (Kumamoto, Japan). We previously published characteristics of this same set of ATLL specimens, and thus, the numbers of CD68-and CD163-positive cells published in that previous report (11) were used in this study.
Immunohistochemistry. Rabbit polyclonal anti-Iba-1 (macrophage marker; #019-19741; Wako Pure Chemical Industries, Ltd.) and goat polyclonal anti-TIM-3 (#LS-C55594; LifeSpan Biosciences Inc., Seattle, WA, USA; dilution, 1:2,000) were used as primary antibodies. Normal goat immunoglobulin (Santa Cruz, Dallas, Texas) was used as a negative control and no signal was observed in negative control-stained sections. Each immunostaining was performed at the same time, and the reactions were visualized using the diaminobenzidine substrate system (Nichirei Bioscience, Tokyo, Japan). The data were evaluated by two investigators who were blinded to any information regarding the samples. For double-immunostaining, TIM-3 was visualized using the diaminobenzidine substrate system in the first step. After washes in glycine buffer (pH 2.2), sections were then stained with the anti-Iba-1 antibody and visualized using HistoGreen solution (Linaris Biologische Produkte, Wertheim-Bettingen, Germany).
Statistical analysis. Statistical analysis of in vitro and in vivo data was performed using JMP 10 software (SAS Institute, Chicago, IL, USA). All values from in vitro studies represent Table I . TIM-3 expression and clinicopathological factors. results of 2 or 3 independent experiments. Data are expressed as the mean ± standard deviation. Student's t-test was used for comparisons of two groups in in vitro studies. P<0.05 was considered to indicate a statistically significant difference.
Results

Long-term co-culture with macrophages induces chemoresistance in ATN-1 cells.
The study first tested whether the sensitivity of ATLL cell lines to anticancer compounds may change following their co-culture with macrophages through use of an in vitro co-culture assay. In this direct co-culture system, cells from the ATLL ATN-1, TL-Mor, ED, ATL-2s or MOLT-4 cell lines were co-cultured with macrophages for 1, 2 or 3 weeks, following which the co-cultured cells were depleted of macrophages by using microbeads conjugated to an anti-CD14 antibody and a magnetic column (Fig. 1A) . Contamination of the lymphoma cells with macrophages was <2% following this depletion procedure (data not shown). The sensitivity of the co-cultured ATLL cells to the anticancer drugs ADR or CBDCA was then assayed by evaluation of cell viability using a WST assay. The sensitivity of ATN-1 cells to ADR and CBDCA was significantly decreased by prior co-culture with macrophages for 3 weeks (all P<0.05; Fig. 1B) . Resistance of ATN-1 cells to ADR and CBDCA was also induced by 2 weeks of prior co-culture with macrophages; however, the differences in anticancer drug sensitivities between cells cultured with or without macrophages were smaller than those of the 3-week co-cultured cells (data not shown). Indirect co-culture using Transwells did not impact the sensitivity of the ATN-1 cells to ADR or CBDCA (data not shown), suggesting that direct contact between the macrophages and ATN-1 cells was required for the observed effect.
TIM-3 expression on ATN-1 cells is induced by long-term direct co-culture with macrophages.
Based on preliminary cDNA microarray data (data not shown), we suspected that TIM-3 expression in ATN-1 cells was upregulated by co-culture with macrophages. To confirm this possibility, the effect of co-culture with macrophages on TIM-3 expression by ATN-1 cells was analyzed using flow cytometry. ATN-1 cells and macrophages were distinguished from each other using the anti-CD14 antibody as a macrophage marker (Fig. 2A) . . By contrast, TIM-3 expression was not detected in, and was not induced by co-culture with macrophages in other cell lines (Fig. 2B) . The induction of TIM-3 overexpression in ATLL cell lines by co-culture with macrophages was not observed in the indirect co-culture system (data not shown).
TIM-3 overexpression is involved in the chemoresistance of ATN-1 cells.
Next, an in vitro experiment was performed using ATLL cell lines to confirm the involvement of TIM-3 in their chemoresistance. A TIM-3 gene construct was transfected into ATN-1 and ED cells, and TIM-3-expressing ATN-1 and ED cells were established (Fig. 3A) . TIM-3 expression in established ATN-1 and ED clones was confirmed using flow cytometry (Fig. 3A) and its expression in ATN-1 clones was further confirmed by immunostaining (Fig. 3B) . Two TIM-3-positive ATN-1 clones showed increased chemoresistance to ADR and CBDCA compared with control ATN-1 cells (P<0.05; Fig. 3C and D) , whereas the growth rate of TIM-3-positive ATN-1 cells did not differ from that of control ATN-1 cells (data not shown). Notably, TIM-3 overexpression did not affect either the sensitivity of the ED cells to ADR and CBDCA or the growth rate of the ED cells (data not shown).
TIM-3 expression in lymphoma cells is correlated with chemoresistance in patients with ATLL.
Finally, the potential clinical significance of TIM-3 expression was investigated by immunostaining for TIM-3 expression in 58 ATLL tissue specimens. Cases in which >50% of the lymphoma cells were positive for TIM-3 were classified as TIM-3-positive. This analysis indicated that 25 out of the total 58 cases were TIM-3-positive (Fig. 4A) . Since certain macrophages also stained for TIM-3, TIM-3 expression on lymphoma cells was confirmed by means of double-immunostaining. Thus, TIM-3 expression was detected in lymphoma cells that were negative for the macrophage marker Iba-1 (Fig. 4B) . The association between TIM-3 expression and clinicopathological factors was then analyzed, and TIM-3-positive cases were found to be resistant to chemotherapy (P=0.015; Table I ). However, TIM-3 expression was not associated with overall survival or other clinical factors (all P>0.05; Fig. 4C and Table I ). The correlation between macrophage infiltration and TIM-3 expression in the lymphoma cells was also evaluated and a higher density of CD163-positive macrophages was detected in the TIM-3-positive cases (P=0.020; Fig. 4D ). The density of CD68-positive macrophages appeared to be higher in the TIM-3-positive cases, however, no significant association was found (P=0.055; Fig. 4D ).
Since the mRNA expression of TIM-3 in human ATLL samples was not evaluated in the present study, data analysis using the PubMed central database was performed to determine TIM-3 mRNA expression in ATLL. In this analysis, TIM-3 mRNA expression was observed in CD4-positive lymphocytes of patients with acute ATLL; however, no significant differences in TIM-3 mRNA expression were observed between the CD4-positive lymphocytes of healthy donors and those of patients with acute ATLL (Fig. 5A) . Since no microarray dataset analysis of lymph node biopsies could be found in the database, TIM-3 expression was analyzed in a dataset of peripheral T-cell lymphoma (PTCL) samples and TIM-3 was found to be upregulated in the PTCL samples compared with the control reactive lymphadenitis samples (P=0.01; Fig. 5B ). 
A B C D Discussion
In our previous study, a large number of TAMs were detected in cells from lymph node biopsy samples of almost all ATLL cases and a notably higher percentage of CD163-positive TAMs were found to be significantly linked to a worse clinical course (11) .
In vitro analysis showed that direct contact between ATLL cells and TAMs induced ATLL cell proliferation via several TAM-derived growth factors, including IL-6 and tumor necrosis factor-α (11). Based on these observations, we next considered that long-term co-culture with macrophages may change the characteristics of ATLL cells. In the present study, it was found that direct co-culture with macrophages induced chemoresistance in ATLL cells. This phenomenon was not observed when the ATLL cells were indirectly co-cultured with macrophages; therefore, direct contact with macrophages is suggested to play an important role in macrophage-induced chemoresistance in ATLL cells. This effect may be caused by several cytokines derived from macrophages that are strongly activated by direct contact with ATLL cells. The expression of intracellular adhesion molecule-1 (ICAM-1), membrane type M-CSF, P-selectin glycoprotein ligand-1 and unknown CD163 ligands on tumor cells is considered to be associated with macrophage activation in certain types of tumors (13, 14) . Zheng et al demonstrated that an ICAM-1-blocking antibody reduced macrophage-induced chemoresistance in myeloma cells (15) . Since ICAM-1 is also expressed in ATLL cells (16) , ICAM-1 may be associated with macrophage-induced chemoresistance.
In the present study, the expression of TIM-3 in ATLL cells was induced by long-term co-culture with macrophages; however, the detailed molecular mechanisms by which this occurs remain unclear. Galectin-9, high mobility group protein B1 (HMGB-1) and phosphatidylserine are known to be ligands of TIM-3 (4-6), and our unpublished data that HMGB-1 is highly expressed in ATLL cells suggest that TIM-3 activation is induced by HMGB-1 that is derived from ATLL cells in an autocrine manner. Since no TIM-3 expression was observed in any of the lymphoma cell lines used in the present study in the absence of macrophage co-culture, unknown factors derived from activated macrophages or epigenetic change induced by direct contact with macrophages are considered to be necessary for the induction of TIM-3 in ATLL cells.
The present study also showed that TIM-3 expression is potentially associated with chemoresistance in in vivo and in vitro studies. However, a TIM-3 neutralizing antibody failed to affect the macrophage-induced chemoresistance in ATLL cells in an in vitro study (Horlad et al, unpublished data). This observation indicates the complexity of TIM-3 signaling. TIM-3 overexpression is also observed in activated lymphocytes and, as with cytotoxic T lymphocyte antigen 4 and programmed death 1, it is associated with tolerance and exhaustion (4-6).
Recently, Huang et al demonstrated that carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1) mediates TIM-3 activation and that blocking of the two molecules was required to induce lymphocyte activation (17) . Thus, blocking of CEACAM1 and TIM-3 together may be necessary to impair the chemoresistance of TIM-3-positive ATLL cells.
By means of database analysis, in the present study, TIM-3 mRNA overexpression was observed in the samples of lymph node biopsies, but not in the peripheral CD4-positive lymphocytes of patients, as shown in Fig. 5 . We suspect that direct contact between TAMs and lymphoma cells is observed only in lymph node samples of ATLL and that long-term direct contact with TAMs induced TIM-3 overexpression in the ATLL cells.
In conclusion, in an in vitro experiment, the present study found that direct contact with TAMs induced chemoresistance and TIM-3 expression in ATLL cells. It was also found that the TIM-3 expression found in the lymphoma cells of the ATLL biopsy samples was closely associated with the resistance to chemotherapy. In vitro study suggested that long-term direct contact with TAMs caused TIM-3 expression. Although TIM-3 overexpression induced the chemoresistance of ATLL cells, antibody-mediated neutralization of TIM-3 failed to improve the macrophage-induced ATLL chemoresistance. Although other unknown mechanisms are considered to be involved in macrophage-induced chemoresistance, TIM-3-related signals may be a useful target therapy for patients with ATLL. In addition, TIM-3 expression in biopsy samples of ATLL may be a good predictor of the effectiveness of chemotherapy.
